We present a consistent dynamical nucleation theory based on density functional theory. By considering the properties of stable droplets in closed volumes, the height and shape of the barrier to nucleation are calculated. Contributions from fluctuations in the center of mass of the nucleating cluster are taken into account. Forward and backward rates for cluster dynamics are obtained, and nucleation rates are then evaluated under steady-state conditions. We test the quantitative effects of several shortcuts to calculating nucleation rates. The predictions of the full theory presented here show very modest changes from those of the simpler nonclassical theory proposed earlier by Oxtoby and co-workers.
1NTRODUCTlON
For nearly 70 years, the study of gas-liquid nucleation has been dominated by classical nucleation theory, as developed by Volmer and Weber, ' Becker and D6ring, 2 Frenkel, 3 and Zeldovich.4 There are two reasons for the dominant position of this simple theory, which treats small nucleating clusters as if they were macroscopic droplets with surface tension (the capillarity approximation). First, the input to the theory is widely available: temperature-dependent surface tensions, liquid densities, and coexistence vapor pressures. Second, the theory has been quite successful in predicting the critical supersaturations at which most gases will condense. Most attempts to extend and improve the classical theory have retained the basic capillarity approximation and applied various correction factors to the model. Recent experiments5-7 have challenged theorists to develop better models. These experiments have succeeded in measuring actual rates of nucleation, as opposed to just critical supersaturations, and have revealed that the classical theory is systematically in error for several cases, predicting too low a rate of nucleation at low temperature and too high a rate at high temperature. In addition, the classical theory is fundamentally unsatisfactory because it fails to include molecular-level effects.
There have been two new developments, starting from first principles, on the theoretical side. Reiss and co-workers*-" have focused on the central question of the definition of the cluster, and have shown that a consistent picture requires indexing clusters not only by their particle number, but also by their volume. The resulting nucleation dynamics is then two dimensional, resembling the nucleation of binary vapors. Weakliem and Reiss used Monte Carlo simulations (extensions of the early work of Lee et a/.'*) to calculate the free energies of these clusters. Such computer simulations require lengthy calculation, however, so Oxtoby and co-workersr3-r5 have proposed a different theoretical approach, based on density functional theory. They evaluated free energies of critical nuclei by locating saddle points in the space of droplet density profiles; these saddle points di-")Permanent address: Facultad de Quimica, UNAM. Mkxico, 04510, D. F.
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vide growing from shrinking droplets. The density functional theory consistently includes such important physical factors as the dependence of surface tension on curvature of the interface and the vanishing of the barrier to nucleation at the spinodal. Rates of nucleation were then evaluated by combining the calculated barrier free energy with the preexponential factor from classical nucleation theory. The results showed trends in agreement with experiment for the temperature dependence of nucleation rates. Our density functional theory work to date is unsatisfactory in several ways, however. On a fundamental level, questions can be raised about whether metastable saddle points (as opposed to stable equilibrium states) can be studied using density functional theory, which is built around the calculation of equilibrium response of the average density to external fields. We show here that this objection can be met and answered by a proper treatment of droplets in closed volumes, and that in fact only equilibrium states need to be examined.
Second, it is quite unsatisfactory simply to take over the classical pre-exponential factor and assume that it will still hold. It would be desirable to develop the dynamics of cluster evolution from the standpoint of density functional theory, calculating not only the barrier height but also its shape, and finding forward and backward rates for cluster dynamics that could be used in a full kinetic theory of nucleation. We take this important step in this paper, using some insights from the recent work of Reiss to develop a consistent kinetic model from which a pre-exponential factor emerges naturally.
A third and final problem is the vexed question of the inclusion of the motion of the center of mass of the cluster in nucleation theory. Thirty years ago Lothe and Poundt6 stirred up the field of nucleation theory by arguing that a very large contribution to the free energy from translation and rotation of the entire droplet had been neglected in classical theory; including it destroyed the good agreement with experiment. Subsequent workI argued that some correction was indeed necessary, but that it was much smaller than the one proposed by Lothe and Pound. In this paper, we consider the inclusion of fluctuations in the center of mass of the cluster, and show that at least within a simple approximation due to Weakliem and Reiss" it has only a small effect on the nucle-ation rates calculated from density functional theory.
Besides trying to develop a consistent dynamical nucleation theory based on density functional theory, in which various approximations are spelled out clearly, our other goal in this paper is to test the quantitative effects of various shortcuts to calculating nucleation rates. We show that applying these approximations (such as replacing sums over rate constants by a steepest-descent approximation) have no qualitative effect on the nucleation process and change actual rates by far less than one order of magnitude. In particular, the theory presented here shows only very modest changes from the simple (though of course less satisfying) theory we have used to date, in which classical theory supplied the pre-exponential factor.
The ratio f(i) is the equilibrium constant for the formation of a cluster of size i from isolated molecules,r' all at the pressure of the supersaturated vapor P. The numerical summation in Eq. (2) can be evaluated once we know the behavior of p(i) and f(i) as functions of the number of particles i in the cluster. The search for specific expressions for these quantities has been the subject of different approximations.
B. Classical theory
Section II presents some background and introduces our earlier density functional work. Section III then examines the central relation between fluctuations in open systems and equilibrium clusters in closed systems (contained in spherical containers) and shows how free energies of both critical and noncritical clusters can be obtained from equilibrium statistical mechanics. A particular density functional model14 for the Lennard-Jones fluid is used to illustrate these ideas. Section IV addresses the dynamics of nucleation, based on recent ideas of Reiss and co-workers, and then tests various levels of approximation to the full theory. A brief conclusion is included in Sec. V.
In classical nucleation theory, for example, the collisions of monomers with the cluster surface are taken to occur at the gas kinetic rate for an ideal gas, resulting in a forward rate given by
where k is Boltzmann's constant, T is the absolute temperature, m is the mass of monomer molecules, p,=n(l) is the density of the supersaturated vapor, and A(i) is the surface area of a cluster with i particles (i-cluster) which is estimated from the coexistence bulk liquid density pl. The equilibrium constant f(i) is evaluated by referring the process of formation of an i-cluster to liquid-vapor equilibrium conditions II. BACKGROUND A. Steady-state nucleation A complete theory of nucleation must have at its center a model for the rates and mechanisms by which small clusters of the new phase gain or lose particles. If one assumes that clusters grow or shrink via the attachment or loss of single molecules, the net rate at which clusters of size i become clusters of size i + 1 is given by'*
where S= PIP, is the supersaturation, the ratio of the actual pressure P to the equilibrium vapor pressure of the liquid P, at the same temperature T, and the free energy change at equilibrium AC; is approximated as the product of the liquid-vapor surface tension or and the i-cluster area A(i) [i.e., AGf = a,A (i)]. If the contribution of a critical nucleus is dominant in the sum of Eq. (2), the evaluation of the rate of nucleation per unit volume J can be simplified and mathematical manipulations lead to the classical expression"
where n( i,t) is the number density of clusters of size i at time t; p(i) is the forward rate at which a cluster of size i gains particles, and ti(i) is the backward rate at which it loses particles. The flux J is to be identified with the nucleation rate and it can be shown to be given by
We have specifically linked the factor l/S to the exponential in Eq. (6) as it is a thermodynamic correction needed to assure an adequate estimate of the energetic barrier to nucleation from its value in the reference state.' 83'9 The argument of the exponential term comes from taking a transformation factor of the form S' instead of S and, therefore, it is inconsistent with thermodynamics. The classical rate of nucleation per unit volume can be rewritten as
(2) where
and the expression for the height of the classical free energy barrier to nucleation A&, can be deduced by comparison with Eq. (6). The structure of ALL-, results from assuming a critical nucleus which has the same properties as the bulk liquid and exhibits a sharp interface to the vapor.
C. Density functional theory
In the density functional theory of nucleation developed by Oxtoby, Evans,13 and Zeng14 the rate of formation of critical droplets per unit volume was taken to be J m=r=Joe -hCl&kT f where they maintained the same pre-exponential factor of the 4 classical theory, Jo, but concentrated the effort on obtaining the free energy barrier ACID, for a more realistic critical nucleus. This quantity was evaluated through density functional methods for nonuniform fluids, and it included naturally the effect of a finite liquid-vapor profile width, and the dependence of surface tension on curvature changes.13
In the framework of density functional theory the meanfield Hehnholtz free energy of the system can be expressed as a functional of the local density p(r),"
where fh(p) denotes the Helmholtz free energy of a uniform hard-sphere fluid with density p, and &(lr-r'l) is the attractive part of the pair interaction potential between particles. In an open system the equilibrium profile is given by the minimization of the grand potential UXr)l=~b(r)l-~O I dr p(r)
at constant chemical potential h, under appropriate boundary conditions. The requirement SWGp(r)=O (12) results in the equation
and ph[p(r)]=8fh[p(r)j/dp(r), the hard sphere chemical potential. For metastable states Eq. (13) has a nontrivial solution which corresponds to a saddle point in functional space, and it is identified as the critical nucleus at the corresponding supersaturation S. This allows a calculation of the barrier to nucleation Afinn by well established numerical procedures.' 3V'4 When applied to Lennard-Jones fluids the theory shows a remarkable qualitative agreement with the tendencies and deviations from classical behavior present in experimental data. Nevertheless, there are still open questions which are worth addressing, including the adequacy of density functional methods to deal with metastable states, and the need to consider corrections due to translational fluctuations of the "droplet" center of mass. Besides that, the theory remains incomplete as it simply adopts the classical pre-exponential factor and does not include contributions from density fluctuations in the nucleating vapor other than the critical nucleus. This paper therefore treats all these problems in a consistent fashion.
III. DENSITY FUNCTIONAL THEORY FOR STABLE CLUSTERS
A. Formalism
The average density profile p(r) of a critical nucleus at a given supersaturation S and temperature T calculated through density functional methods in an open system typically resembles that illustrated in Fig. 1 . The volume u = &R3 of the system is chosen to be large enough to insure that the vapor density reaches its bulk value, pV, for all practical purposes. As we have pointed out above, this profile is a solution of Eq. (13) and it corresponds to a saddle point in functional space for an open system. Following the ideas of Weakliem and Reiss in their molecular theory of nucleation," imagine now that we enclose the system in a spherical container of volume u assumed to be a perfectly nonwetting-nondrying physical surface that does not alter the distribution of matter within the cluster; it also allows the density of the surrounding vapor to remain constant. The properties of the external vapor are then obtained by demanding no density discontinuity at the bounding surface. Under these circumstances, the solution profile p(r) is a minimum of the Helmholtz free energy FCp(r)] in Eq. (10) when the system is constrained to have the fixed number of particles given by
It is important to point out that our boundary conditions differ from those employed by Lee, Barker, and Abraham" and Weakliem and Reiss" in their Monte Carlo simulations of stable (i,u)-clusters. We do not set the external vapor density equal to zero and thus we take into account the interaction between molecules "inside" and "outside" the cluster. By this procedure it is possible to assure that every critical nucleus in an open system corresponds to at least one equilibrium cluster in a closed system with particular values of the total number of particles i and the volume u. The properties of clusters in the canonical ensemble can be obtained by looking at the solutions of Eq. (13) (17) that can be resolved by iteration methods. The resulting profile is a minimum of the Helmholtz free energy for fixed number of particles i and volume U, and its stability can be analyzed by calculating the work of formation of the (i,u)-cluster in the canonical ensemble. This is given byzl
where I; =i/u and AFy"<O for all thermodynamically stable clusters. As we have seen in Sec. II A, when we assume steady state conditions in the nucleation process, the knowledge of the work of formation at constant pressure of stable clusters, and their forward rate of growth are key pieces of information to evaluate nucleation rates. Let us see how we can obtain these quantities by density functional methods.
For an (i,u)-cluster in equilibrium with its vapor the work of formation at constant pressure is given by the grand potential difference13
np,[p(r)l=FP,lp(r)l-~of dr p(r) (20) and ~~nif=~~"[P"]= -p. u. Here, pu and cr, for the surrounding vapor are determined by the size (i) and volume (u) of the system. Since a cluster, once formed, can be thought as a relatively small isolated group of molecules, its free energy should largely depend on the interactions among the i particles, but not on the surrounding vapor pressure. We
where y=(2rrmkT)3'2/h3 and h is Planck's constant. In the language introduced by Reiss, Katz, and Cohen,17 the quantity u,, (i,u) can be conceived also as the inverse of the probability density P(0) that the center of mass will be found at the center of the spherical container.
To obtain an estimate of u,(i,u) for a particular (i,u)-cluster it is convenient to look back at Fig. 1 and introduce two additional quantities to characterize each density profile; the equimolar radius defined by23
can therefore assume that the "internal structure" of the cluster will be the same, independent of whether it is or is not in equilibrium with the surrounding vapor.22 The free energy barrier for the formation of the cluster at the supersaturated state with chemical potential ,x and pressure P can then be taken to be (21) with (22) and
AFjf is a measure of the internal free energy change due to interactions between molecules inside and outside the cluster (we will discuss the validity of this assumption later). If the internal structure of the cluster does not depend on the external pressure, this quantity is proportional to the vapor density difference between the reference and actual states. Finally, from Eqs. (19) to (23), we have
for the work of formation of the (i,u)-cluster at the supersaturated state of interest. In this approach the properties of all density fluctuations in a given state of supersaturation can be derived from those of clusters in equilibrium with their vapor at other supersaturations. As we will see later, density fluctuations that involve few particles are associated with clusters whose equilibrium vapors are close to the spinodal while large fluctuations are related to clusters whose equilibrium vapors are close to the binodal. The free energy barrier A~i, in Eq. (24) corresponds to an (i,u)-cluster in a fixed spherical container. In that sense it includes free energy contributions from the movement of the center of mass that should be subtracted off to get the real work of formation, Aili*, , we need to evaluate the rate of nucleation. 9V'7 The additional translational energy depends on the volume u, (i,u) over which the center of mass of the (i,u)-cluster can fluctuate. If all clusters behave like ideal gas particles, which is a reasonable assumption under real experimental conditions, we can expect1rY'7 (26) and the excess of particles with respect to an equivalent volume u filled with vapor at density pv ,
to hard spheres is not unique, and we follow Zeng and Oxtoby'4 in their previous study of nucleation in LennardJones fluids by taking As a first approximation, Fig. 1 suggests that the internal structure of the (i,v)-cluster can be thought of as equivalent to that of a spherical "droplet" of i, particles and radius R, moving through a uniform vapor of density p,, , all in a container of volume u. In this case the center of the droplet can be anywhere within the volume (~T/~)(R-R,)~ with equal probability. The possible fluctuations of the center of mass then cover the volume 
which should be close to that corresponding to our real cluster. We will use this result in Eq. (25). This way of looking at an (i,u)-cluster also suggests a means of evaluating the forward rate pfi,u) at which it gains particles. If the (i,u)-cluster is thought to have an "effective" collision area determined by the equimolar radius, Ae(i,u)=4nR,(i,u)2, then the forward rate p(i,u) can be taken to be B(i,u)=( ~) 1'2%(i.u) . (29) where we introduce the activity A=exp (&T) to correct the collision rate of a monomer with the cluster for the nonideality of the surrounding vapor.
Density functional theory offers a well defined path to obtain all the quantities needed to evaluate liquid-vapor nucleation rates in closed form. We now present some results for a Lennard-Jones fluid to establish a concrete reference point for the nucleation theory that will follow in Sec. IV.
For this model Zeng and Oxtoby calculated the bulk phase diagram and the surface tension for a planar interface at several temperatures. Working with the Camahan-Starling approximate expression for the free energy density of a hard sphere fluid,* f,, in Eq. (lo), they obtained results in quite good agreement with available simulation data in the lowtemperature region. The following results for (i,u)-clusters and rates of nucleation rely on this previous work and we refer to it for details concerning properties of the bulk phases and surface tension.
The liquid-gas coexistence phase diagram for our Lennard-Jones model exhibits a critical pointI at kT,le= 1.4881. The analysis of cluster properties and rates of nucleation for a given supersaturation state is simplified by working at a constant temperature and the following results correspond to the case kT/E=T*=0.8.
The model we employ has been shown to be accurate at this temperature, and the coexisting bulk phases have properties fairly representative of those found in real systems for which most of the nucleation experiments are performed. Our work begins by calculating the equilibrium density profile of (i,u)-clusters of different sizes (i) and volumes (u). We choose a number of particles i and change the volume, analyzing the stability of the clusters by following the work of formation in the canonical ensemble AFy*. Representative results are shown in Fig. 2 for clusters of size i=200. The stability of the clusters shown in Fig. 2 depends on the amount of vaporlike phase present in the system. If this is too small we reach a lower volume limit uc(i) where the pressure is high enough to favor full condensation. On the other hand, we have also an upper limit u,,(i) which sets the evaporation boundary for stable clusters. An (i,u)-cluster remains stable as long as any condensation or evaporation implies a significant change in its equilibrium vapor pressure.29 These two boundaries have been identified also by Weakliem and Reiss in their study of the thermodynamic properties of argon clusters from Monte Carlo simulations and a modified liquid drop theory." where rmin=21'6U is the distance at which b(r) exhibits its minimum. In the WCA approach, the reference system is replaced by a system of hard spheres with a temperaturedependent diameter d( Z'). This mapping from Lennard-Jones
The same kind of analysis can be applied to (i,u)-clusters of different sizes to identify stable states and generate the global structure of the free energy reference surface A@',(i,u) . Figure 3 presents the result for kTIe=0.8; each point on this surface corresponds to a stable cluster in equilibrium with its vapor at a particular superaturation S. In Fig.  4 we show cuts of the same surface at different constant values of the total number of particles i. The smaller the value of i, the higher the supersaturation of the surrounding vapor, as can be seen in Fig. 5 ; there we plot the behavior of energy reference surface A@" in Fig. 3 into the free energy barrier surface A~i" for every state of interest. In Fig. 6 we illustrate the results for one particular value of the supersaturation S; Fig. 7 shows cuts at constant i of the surface in top of the hill we find the smallest cluster that satisfies the condition PO= P (stable i-cluster). This cluster has the same properties as the critical nucleus in density functional theory (saddle point in functional space) for an open system at the same supersaturation. The absence of a valley on the near side of the hill is related to the fact that all of the clusters in this region have an equilibrium pressure P, higher than P (see Fig. 5 ). Weakliem and Reiss" found a "ridge" and a "valley boundary" as prominent features of the free energy barrier surfaces. They are present in our results but as a single feature. The ridge (or valley boundary) appears as a constant energy barrier that runs not quite parallel to the u-axis (horizontal envelope to the maxima of the curves in Fig. 7 ). All the clusters along the ridge have the same work of formation, AC&, , as the stable i-cluster at the top of the hill; their internal structures only differ by the amount of homogeneous vapor enclosed. Both the ridge and the bottom of the valley on the far side of the hill are features related to the presence of clusters with an equilibrium pressure PO= P.
As we mentioned in Sec. III A, the free energy barrier should be corrected for the translation of the cluster center of mass. The correction factor [see Eq. (25)] is a function of the volume ucm(i,u) which we can estimate through Eq. (28) and the thermodynamic properties of stable (i,u)-clusters. The inclusion of this factor changes the structure of the free energy barrier; at high pressures a valley develops on both sides close to the top of the hill. As a result of the energetic shift, the bottom of the valley and the ridge no longer relate to clusters with an equilibrium pressure P,= P, and the ridge and the valley boundary appear as independent features. It is difficult to determine whether or not these changes are artifacts of the approximation we are employing or fundamental properties of the energetic barrier.
When thinking of the real implications for nucleation dynamics of the structure of the free energy surface in Fig. 6 , additional considerations should be taken into account. As we described above, all clusters from the line of maxima to the evaporation boundary in Fig. 3 have an internal structure that can be obtained by adding homogeneous vapor to a cluster already on the line of maxima (but with a smaller number of particles). To assume that the internal Helmholtz free energy of these clusters is independent of the external pressure implies that the "internal" vapor behaves in a different way than the "external" vapor. This seems to be an artifact introduced by the bounding surface that can hardly be justified. The introduction of (i,u)-clusters to take account of the effect of cluster density fluctuations on the nucleation dynamics is very appealing. Our results show, however, that the physical role of every possible "average" fluctuation in the nucleation process at a given supersaturation is not clear. Therefore, the discussion should be centered now on defining the most consistent way to evaluate the rate of homogeneous nucleation.
IV. NUCLEATION RATES
A. Basic assumptions FIG. 7 . Cuts of the free energy barrier in Fig. 6 (S=2.6125) at fixed values of the number of particles i. We indicate by (*) the location of the stable i-cluster at the top of the hill.
The dynamics of nucleation associated with a free energy barrier like that depicted in Fig.6 is close to that de-scribed by Weakliem and Reiss"Jo in the context of their modified liquid drop model. In this case, the valley on the far side of the hill proves to be crucial in the process of nucleation since it channels the flow of growing clusters toward the liquid drop domain. The flux of clusters on the free energy surface is driven by two type of flows, one entropic flow that can drive the clusters uphill, and one energetic flow determined by the energy gradient that tends to drive the clusters downhill. The surface ridge plays a prominent role in discriminating among the density fluctuations that are to serve as embryos for the formation of liquid drops.
A different picture emerges when we try to eliminate the artificial decoupling introduced by the bounding surface that constrains the i particles to the volume u. If we assume that a change in the external pressure affects the properties of the "homogeneous" vapor enclosed by any cluster, most of the clusters in Fig. 6 map onto a well defined path in the (i,u,ARi,)-space.
This path is the one that corresponds to the set of stable i-clusters. As we mentioned before, these clusters are the smallest clusters that still maintain the basic properties of the critical nuclei in open systems at different supersaturations. We suggest that these are the most relevant clusters in the dynamics of nucleation. Most of the "average" reference clusters previously treated as independent density fluctuations reduce to one of these clusters when the internal vapor is allowed to equilibrate with the external vapor. The basic properties of stable i-clusters do not depend on the location of the bounding surface for a given supersaturation. From this perspective, the volume constraint only helps to identify the set of reference clusters whose properties are not artificially imposed by the boundary conditions. They define a one-dimensional path in (i,u)-space that can be followed to estimate nucleation rates. Along this path, small clusters resemble critical nuclei close to the spinodal, while large clusters resemble critical nuclei close to the binodal. The stable i-cluster that corresponds to the critical nucleus at the actual pressure P is expected to play the dominant role. Nucleation rates under steady state conditions can then be evaluated by well-known procedures."
B. Results for a LennardJones fluid
The following results have been organized based on several different levels of approximation we can use to evaluate the rates of liquid-vapor nucleation of a Lennard-Jones fluid. This is useful as it helps to discriminate among the various contributions that influence the nucleation process, We will label the different approximate nucleation rates, Jk, according to successive degrees of approximation.
Global mean rate
In order to evaluate the global mean rate of nucleationJ, along the path defined by stable i-clusters, we follow Relss, Katz, and CohenI to obtain the equilibrium distribution for i-clusters in equilibrium with a nonideal vapor at pressure P. This distribution can be written as where pi is the number density of i-clusters on the ridge, and we include the activity in the actual state, A, to account for the nonideality of the vapor. Hence, the equilibrium constant of formation has the form 
is a measure of the work of formation of an i-cluster in the supersaturated state defined by X=ePIkT. The evolution of this quantity for different supersaturations is depicted in Fig.  8 . These results resemble qualitatively those of classical theory in the sense that we can identify a well defined barrier to nucleation corresponding to a cluster of size i* (critical nucleus). Assuming steady state conditions, the nucleation rate is given by
where p(i) is the forward rate of growth of the i-clusters. The results appear in Fig. 9 as the ratio Jc-/JI, with JCL given by Eq. (6). The deviations from classical predictions in this figure are consistent with previous theoretical'3P14 and experimental5-7 results, and they show that the classical expression underestimates the nucleation rate at high supersaturations mainly by assigning too high a surface free energy to small droplets, while it overestimates the nucleation rate at low supersaturations by considering incompressible liquidlike droplets. If the critical nucleus at pressure P is large enough, then many terms near i* should contribute to the sum in Eq. (35) and it can be replaced by an integral.'* Furthermore, from the behavior of the equimolar area for stable i-clusters we expect the forward rate to vary relatively slowly with i, so we can approximate
In the method of steepest descents, the function exp[g(i)l kT] is approximated near its maximum by'
where g(i*)" is the second derivative of g(i) and the integration is extended to +m. Finally we have (critical nucleus approximation)
which is simpler to evaluate than Eq. (35) as the average work of formation g(i) in Fig. 9 can be well parametrized in the form g(i)=ar '2'3 + bi + c. The results of this approximation are barely distinguishable from the full calculation. The rate of nucleation J1 seems to be determined by the structure of the energy barrier just in the vicinity of maximum. In fact, we find that the relation with the pre-exponential factor (39)
where pl,s is the liquid density at the supersaturation S, allows an excellent reproduction of the results in the whole range of supersaturations. 
Neglecting translational corrections
How large is the effect of the correction for the translation of the center of mass? To answer this, suppose we eliminate it. The work of formation of an i-cluster is then given by AQV in Eq. (24), which just includes the energetic contribution for the translation of the center of mass over the volume u. In Fig. 10 we compare the evolution as a function of i of this work of formation and the work g(i) defined in Eq. (34). The classical prediction is also included in this figure and it is seen to fail over the entire range of values of i. For all values of i and at any supersaturation S, the translational correction has a very small effect on the value of the nucleation barrier height. This result is consistent with the conclusions of Abraham, Lee, and Barker when they compare their Monte Carlo results with the outcomes of their modified Toxvaerd theory for physical clusters.
The nucleation rate
with ft(i) = e-Aniv/kT (42) is very close to the global mean rate J, ; this is illustrated in Fig. 11 . The inclusion of the translational correction slightly favors nucleation at high supersaturations (small clusters dominant) but disfavors it at low supersaturations (large clusters dominant). The critical nucleus approximation can be applied to the rate in Eq. (41) 
with JA given by Eq. (40) reproduces, for all practical purposes, the rate of nucleation J, in Fig. 11 whose behavior we already described.
V. CONCLUSION
This paper has accomplished several important goals. First, and most important, it has placed density functional theory for nucleation on a more secure foundation by showing that forward and backward rates for metastable clusters can be determined from equilibrium statistical mechanical calculations on thermodynamically stable clusters inside spherical volumes. It has shown how dynamics is consistently included in a complete theory. Second, it has explored the importance of the correction for the translation of the center of mass. Interestingly, as more sophisticated treatments of this problem have been developed (moving from the original work of Lothe and Pound through the approach of Reiss, Katz, and Cohen to the present paper) the contribution of this effect has significantly decreased, so that in the end it has almost no effect on the nucleation rates reported in this paper.
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A third goal of this paper was to place density functional theory into the context of the recent work of Weakliem and Reiss. Density functional theory provides a third way to calculate free energies of droplets inside volumes, intermediate in complexity between the simple modified liquid drop model and the full-scale computer simulations explored by those authors. The shape of the free energy surface we find is consistent with the results of their calculations. Our use of the surface for evaluating nucleation rates is slightly different, however. Instead of allowing motion in two dimensions (fluctuations in number and volume) we have argued that only the one dimensional motion along the states identified as stable i-clusters is physically relevant.
A fourth and final goal was to test the numerical accuracy of earlier results for nucleation rates calculated within density functional theory but with the classical preexponential factor. We showed that the earlier rates do not differ significantly from those reported here; however, it is not difficult to implement the improved theory proposed in this paper. We are now much closer to a physically consistent theory of gas-liquid nucleation; future work needs to examine more closely the more complicated cases of liquid-gas and liquid-solid nucleation. Density functional approaches should prove fruitful in both areas.
